ObjectIves: Outcomes of catheter ablation of atrial fibrillation (AF) vary widely. We used late-gadolinium enhancement MRI (LGE-MRI) to examine the relationship of ablation-induced scarring in the pulmonary vein (PV) region and overall atrium to evaluate the role of PV encirclement and substrate modification in predicting outcome of catheter ablation in AF.
Introduction
Atrial fibrillation (AF) is estimated to currently affect 5 million Americans and 6 million Europeans, and its prevalence is expected to increase over the next three decades. 1, 2 The mechanisms underlying the initiation and maintenance of this arrhythmia have been studied in humans as well as in animal models. 3 Most experts agree that triggers identified in the pulmonary veins (PVs) play an important role in arrhythmia initiation, 4 while maintenance of the arrhythmia requires electrical as well as structural atrial tissue remodeling to be present. 5 Catheter ablation of the left atrium is increasingly performed to treat patients with AF. Several approaches to ablation are in use at different centers. Most operators aim to achieve electrical isolation of PV triggers, and some advocate ablation of additional targets. 6 Late-gadolinium enhancement MRI (LGE-MRI) has been shown to identify areas of fibrosis 7, 8 and scarring [8] [9] [10] in the left atrium before and after ablation. The predictive value of atrial tissue fibrosis prior to ablation in predicting arrhythmia recurrence following ablation has been demonstrated. 8, 9 The amount of ablation-induced scarring has been suggested to be an important predictor of arrhythmia recurrence. 8, 9 In this study, we evaluated the effect of radiofrequency ablation on the atrial substrate in two ways: first, by studying its effectiveness in achieving encircling scar around the PV antra. Second, we studied the relationship of ablation-induced scarring with pre-ablation atrial fibrosis and quantified the overlap of scar with pre-existing atrial fibrosis, estimating the residual unablated fibrotic atrial tissue. We hypothesized that the larger the amount of residual fibrotic atrial tissue following ablation, the higher the risk of arrhythmia recurrence.
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Methods
Patient population. A total of 172 patients presenting for the first time catheter ablation of AF were included in this retrospective study. All patient information used was drawn from the University of Utah AF database. Baseline patient demographics, comorbidities, prior medical histories, medications, and pertinent laboratory and imaging findings were recorded and protected according to Health Insurance Portability and Accountability Act (HIPAA) regulations. The University of Utah institutional review board approved the database protocol. This study did not require a separate IRB protocol. The research protocol was in accordance to the Declaration of Helsinki.
lGe-MrI imaging. All patients underwent LGE-MRI prior to catheter ablation as well as three months following ablation. All scans were performed using a 3-T Verio clinical scanner (Siemens Medical Solutions). MRI acquisition sequences have been described previously. [7] [8] [9] Briefly, high-resolution LGE images of the left atrium were acquired about 15 minutes following contrast injection (0.1 mmol/kg, Multihance [Bracco Diagnostics Inc.]) using a threedimensional (3D) inversion recovery prepared, respirationnavigated, electrocardiogram (ECG)-gated, gradient echo pulse sequence. Typical acquisition parameters were free breathing using respiratory navigation, a transverse imaging volume with voxel size = 1.25 × 1.25 × 2.5 mm (reconstructed to 0.625 × 0.625 × 1.25 mm), repetition time/ echo time (TR/TE) = 3.1/1.4 mseconds, flip angle = 14°, inversion time (TI) = 280-330 mseconds, and Generalized Autocalibrating Partially Parallel Acquisition (GRAPPA) with reduction factor of 2. Inversion pulse was applied every heart beat, and fat saturation was applied immediately before data acquisition. Data acquisition was limited to 15% of cardiac cycle and was performed during the diastolic phase of the atrial cardiac cycle. The TE of the scan (1.4 mseconds) was chosen such that fat and water were almost out of phase and the signal intensity of partial volume fat-tissue voxels was reduced allowing improved delineation of the atrial wall boundaries. The TI value for the LGE-MRI scan was identified using a TI scout scan. Typical scan time for the LGE-MRI study was four to nine minutes depending on subject respiration.
catheter ablation. Ablation was performed under conscious sedation, with a double trans-septal puncture approach and using a circular mapping catheter and an ablation catheter. Ablation lesions were placed using a 3.5-mm open irrigation catheter (Thermocool; Biosense Webster). Ablation parameters were set at 35 W while ablating posteriorly and 50 W for septal and anterior ablation. The PV antral regions were targeted with ablation with a primary goal of electrical isolation verified with pacing to test for entrance and exit block. Isoproterenol was infused following PV isolation to assess for reconnection and extra-PV focal firing. The antral regions were retargeted with ablation if reconnection was demonstrated. Extra-pulmonary focal firing was also targeted when found with and without isoproterenol. For patients who remained in AF, additional ablation lesions were placed in the posterior left atrial wall, inter-atrial septum, and mitral isthmus. Direct current cardioversion was performed to restore sinus rhythm when AF persisted following ablation. All ablations were performed on therapeutic anti-coagulation with warfarin and intra-procedural intravenous heparin dosed to maintain an activated clotting time of 350-400 seconds.
Quantification of atrial tissue fibrosis and postablation scarring. Left atrial wall volumes were manually segmented from the LGE-MRI images by expert observers using the Corview image processing software (Marrek Inc.). The protocol for segmentation was as follows: First, the endocardial border of the LA was defined, including an extent of PV sleeves, by manually tracing the LA-PV blood pool in each slice of the LGE-MRI volume. Next, the endocardial segmentation was morphologically dilated and then manually adjusted to create an assessment of the boundary of the epicardial LA surface. Finally, the endocardial segmentation was subtracted from the epicardial segmentation to define a wall segmentation, which was manually edited to exclude the mitral valve and PVs. Thus, the resulting LA wall segmentation included the 3D extent of both the LA wall and the antral regions of the PVs.
To delineate regions of fibrosis in LGE-MRI images, we defined enhancement through an intensity threshold that was determined by expert inspection. To assist this process, initial visualization used a volume-rendering tool in Corview that allowed the operator to visualize the distribution of enhancement in 3D. A custom transfer function allowed the operator to define gradations of enhancements, while suppressing blood and normal tissue with a transfer function. Fibrosis and scarring were reported as a percentage of the atrial wall. Patients were divided according to their baseline fibrosis into four stages described previously 8 : stage I when the baseline tissue fibrosis was 10%, stage II when the fibrosis was 10-20%, stage III when the fibrosis was 20-30%, and stage IV when the fibrosis was 30% (Fig. 1) .
evaluation of the Pv antra for encirclement. Using the three months LGE-MRI scans ( Fig. 2) , we studied the PV antral regions in all 172 patients for the purpose of evaluating whether ablation resulted in an uninterrupted line of scar representing complete encirclement (Fig. 3) . When gaps were found, making the scarred areas discontinuous, the antrum was considered not completely encircled.
Quantification of residual fibrosis. The software pipeline used to quantify residual fibrosis involved a series of image operations and registration algorithms. We started by resampling the volume data to make it isotropic (so that it has the same spacing in all directions). Next, we automatically cropped the image volumes to an area surrounding the left atrium. Registration began first with an affine registration to give a rough alignment of the images. In order to establish the best possible correspondence between the two wall segmentations, we then performed a deformable registration 11 to map the post-ablation scan onto the pre-ablation scan.
After we established correspondence via registration, we mapped the scarred areas of the post-ablation scan through the transformation and marked them on the pre-ablation scan as an area that has been scarred. The pre-ablation wall segmentation becomes marked such that each pixel inside the wall is fibrosis, scar, both, or neither. From this, we subtracted out areas of fibrosis that were scarred over and computed the residual fibrosis by counting the number of remaining fibrosis pixels in the wall and reported their percentage of wall volume (Fig. 4) .
Inter-observer variability. Three blinded observers were asked to quantify fibrosis and scarring on randomly selected subjects from this study. The correlation coefficients between observers ranged from 0.82 to 0.97 for fibrosis, 0.98 to 0.99 for scarring, and 0.95 to 0.97 for PV encirclement. This indicates significant reproducibility of the quantified parameters, which reflects the expertise in our laboratory in acquisition, segmentation, and processing of LGE-MRI images. 
results
Patient characteristics. A total of 172 patients were included in this study. The average baseline atrial fibrosis was 14.7 ± 8.5%. Analysis of baseline patient characteristics showed that with increasing atrial fibrosis (stage classification), a significant increase was noted in the prevalence of persistent AF. Other baseline characteristics were not significantly different across the stage groups. A summary of baseline characteristics is provided in Table 1 .
Pv encirclement. We found that ablation-induced scarring formed a contiguous line around all four veins in only 15 of 172 patients (8.7%). A large proportion of patients (76/172 or 44%) had none of their vein antra completely encircled with ablation scar. Figure 3 shows two examples of scarring around the PV antra and illustrates the distribution of patients in groups according to the number of pulmonary antra encircled.
residual fibrosis. After subtracting the ablated areas from the baseline atrial scan, the residual fibrosis was calculated. Two examples of residual fibrosis: the first column represents the pre-ablation fibrosis distribution, the second column represents ablationinduced scarring, the third column represents scarring overlaid on areas of fibrosis, and the fourth column represents the residual fibrosis obtained after subtracting areas of scarring. Panel A represents a patient with diffuse baseline fibrosis; PVAI was performed based on the scar generated. The residual fibrosis is high, and large areas of fibrotic tissue are untouched with ablation. Panel B represents a patient with fibrosis involving the posterior wall; PVAI was also performed based on the scar generated. The degree of overlap is high, and residual fibrosis is low. statistical analysis. Continuous variables were reported as means and standard deviations. Categorical variables were reported as a percentage of the overall cohort. Comparison of means was done using a student t-test, while a chi-square test was used for comparison of proportions.
Recurrence was defined according to the HRS consensus document on catheter and surgical treatment of AF. 12 Recurrence was evaluated using scheduled 7 day ambulatory monitoring performed at 3, 6, and 12 months, in addition to 12-lead ECGs obtained if patients reported symptoms suggestive of arrhythmia.
A Cox proportional hazards model was used to evaluate arrhythmia recurrence. Since baseline and post-ablation residual fibrosis are naturally correlated, separate regression models were built, each including one of these two variables. Up to six variables were included in each of the multivariate models (60 recurrences). A log-rank test was used to compare recurrence between the two groups of residual fibrosis. P values of 0.05 were considered statistically significant for all statistical tests.
The average residual fibrosis was found to be 11.9 ± 7.3%. High residual fibrosis was defined as 10% of the left atrial wall. In all, 85 of 172 patients (49.4%) had high residual fibrosis compared to 87 patients (50.6%) who did not. Overall ablation-induced scarring was not significantly different in patients with high residual fibrosis compared to those without high residual fibrosis (12.5 ± 7.7 vs 13.6 ± 6.3; P = 0.24). Other baseline comorbidities, including age, gender, prevalence of hypertension, diabetes, congestive heart failure, and persistent AF, were not significantly different in patients with and without high residual fibrosis.
Arrhythmia recurrence. Following an average followup of 346 ± 82 days, sustained atrial arrhythmia was observed in 60 patients (34.9%) after observing a 90-day blanking period. The mean time to AF recurrence post blanking was 160 ± 68 days. Recurrence was observed in 9 patients in stage I (13.2%), 23 patients in stage II (39.7%), 22 patients in stage III (59.5%), and 6 patients in stage IV (66.7%). The recurrence rate was significantly different across the stages (P  0.01).
The average residual fibrosis was 15.9 ± 7.6% in patients with recurrent arrhythmia compared to 9.9 ± 6.2% in patients without recurrence (P  0.001). In patients with high residual fibrosis (10%), 44 of 85 patients (51.8%) had recurrent AF compared to 16 of 86 patients without high residual fibrosis (18.4%); P  0.001.
We then examined the role of baseline and residual fibrosis in predicting arrhythmia recurrence using Cox proportional hazards models. In univariate analysis, fibrosis stage classification was a significant predictor of AF recurrence (hazard ratio [HR] of 1.9; P  0.001) and so was high residual fibrosis (HR of 3.3; P  0.001). Persistent AF was nearly a significant predictor of recurrence in univariate analysis with an HR of 1.6; P = 0.055 Table 2 . Two separate multivariate models were used to examine the roles of baseline fibrosis stage and high residual. In the first multivariate model assessing the role of baseline fibrosis staging, stage II fibrosis was associated with an HR of 3.6 for AF recurrence compared to stage I (P  0.01), whereas stage III and stage IV were associated with HRs of 5.2 and 6.2, respectively, compared to stage I (P  0.01 for both) Table 3A.
In the second multivariate model, including residual fibrosis, high residual was found to be associated with an HR of 3.3 for recurrent arrhythmia; P  0.01. Both models included number of PVA encircled, hypertension, diabetes, congestive heart failure, and persistent AF (Table 3B) .
discussion
In this study, we evaluated the atrial substrate at baseline and studied ablation-induced scarring on the PV antral region as well as overall atrial substrate modification. We show that ablation rarely results in encirclement of all antral regions. The atrial substrate, at baseline and that remaining following ablation, is the stronger predictor of procedural outcomes.
Pv isolation with antral encirclement. The PV antral region houses drivers that facilitate the initiation and maintenance of AF. 13, 14 The commonly used approaches to catheter ablation are focused on ablating in these antral regions with an accepted procedural endpoint of electrical isolation. 4 This present in patients with 17 and without AF recurrence. 18 It has also been shown that LGE-MRI can identify these gaps, which correlate with PV reconnection on electrophysiologic evaluation, and targeting of these gaps results in electrical isolation. 19 The overall AF recurrence in our study cohort was 34.3% despite the demonstration that only a minority of patients (8.7%) had complete lesion encirclement of all four PVs. In addition, a significant proportion of patients (44%) had no veins circumferentially scarred. The success of the procedure seems, therefore, better than what is expected from PV antral scarring alone, suggesting a larger role for the effect of ablation on the atrial substrate.
effect of ablation on the atrial substrate. We have previously published on the predictive value of LGE-MRI quantified atrial tissue fibrosis in determining the success of catheter ablation for AF, 7, 8 and this study consistently shows similar results on a entirely new cohort of patients. In order to reconcile the arrhythmia recurrence results with the PV findings, we used LGE-MRI to study the relationship of ablation-induced scarring to the baseline atrial fibrosis. Our analysis of the scarring that results from the ablation is independent of how extensive the ablation was, the power settings used, and the duration of radiofrequency energy application. Under the assumption that ablation-induced scar tissue plays no further role in the arrhythmia substrate, residual fibrosis remaining following ablation is shown to be a significant predictor of arrhythmia recurrence. Patients with a diffuse pattern of baseline fibrosis, affecting areas such as the anterior left atrium, traditionally not targeted with ablation, are likely to have a high residual fibrosis and, subsequently, are at higher risk of arrhythmia recurrence. By contrast, in patients with fibrosis in the posterior left atrium, in the PV antral region, a typical PV antrum isolation approach for ablation results in significant overlap between ablated regions and baseline fibrosis resulting in a low residual and a lower chance of recurrent AF, independent of PV scar encirclement.
Taken together, our findings suggest that while catheter ablation aims at isolation of the PVs, it is also creating important alterations to the atrial substrate that are key to arrhythmia suppression and procedural success. This is consistent with recent observations that ablation of the PV antral regions may be coincidentally eliminating focal sources and rotor centers. 20 The relationship of rotor sites and areas of fibrosis remains to be studied. study limitations. The study reflects the experience of a single center with significant expertise in LGE-MRI of the atrium and advanced image processing. Our approach and image processing tools are designed to be widely usable on a large multicenter scale. Our assumption that ablation-induced scar is a homogeneous tissue that does not constitute a part of the arrhythmia substrate requires tissue correlation and animal models to corroborate it. approach has been the most commonly used one over the past decade. The outcomes, however, have been modest, with arrhythmia recurrence rates varying between 30 and 70%. 15 This suggests that the PVA isolation approach is not one that is suitable for all AF patients. Moreover, several reports have demonstrated that catheter ablation acutely achieves electrical isolation through a combination of edema, which can be reversible, as well as permanent damage that results in scarring. 16 As the acute inflammation resulting from ablation resolves, the end result of the catheter intervention shows the presence of significant gaps and non-contiguous scarring around the PV ostia. This has been shown in examination of ablated atrial tissue where viable tissue was found to be AF episode duration and overall burden were not adequately ascertained, and therefore, their association with fibrosis could not be reported in this manuscript.
Future directions. While our findings shed an important light on ablation-induced atrial changes, a prospective comparison of outcomes between an MRI-guided PV encirclement approach and an MRI-guided substrate-based (fibrosis) approach is needed to determine the contributions of each of these factors to the outcomes of catheter ablation.
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